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Ubiquitination is an important protein post-translational modification regulating many cellular processes
in eukaryotes. Ubiquitination is catalyzed by a three-enzyme cascade resulting in the conjugation of the
C-terminal carboxylate of ubiquitin (Ub) to the g-amino group of a lysine residue in the acceptor protein via
an isopeptide bond. In vitro enzymatic ubiquitination utilizing Ub ligases has been successfully employed to
generate Ub dimers and polymers. However, limitations of the enzymatic approach exist, particularly due to
the requirement of specific Ub ligase for any given target protein and the low catalytic efficiency of the Ub
ligase. To achieve an in-depth understanding of the molecular mechanism of Ub signaling, new methods are
needed to generate mono- and poly-ubiquitinated proteins at a specific site with defined polyubiquitin chain
linkage and length. Chemical methods offer an attractive solution to the above-described challenges. In this
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review, we summarize the recently developed chemical methods for generating ubiquitinated proteins using
synthetic and semisynthetic approaches. These new tools and approaches, as an important part of the Ub
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1. Introduction

Ubiquitination, the attachment of ubiquitin (Ub) to the e-amino
group of a lysine residue in the acceptor protein, is a reversible
protein post-translational modification (PTM) in eukaryotes,
regulating almost every aspect of eukaryotic biological processes
including protein degradation, protein trafficking, and DNA
damage response."* Arguably, the best-characterized role of the
ubiquitination pathway is the degradation of cellular proteins by the
26S proteasome, for which the 2004 Noble Prize in Chemistry was
awarded to Aaron Ciechanover, Avram Hershko, and Irwine Rose.>®

Ubiquitination is orchestrated by a series of three enzymes:
Ub-activating enzyme (E1), Ub-conjugating enzyme (E2), and
ubiquitin ligase (E3).”® The first step of ubiquitination is an
ATP-dependent reaction catalyzed by E1 generating a thioester
linkage between Ub’s C-terminus and El’s active site
cysteine.”® The Ub moiety is then transferred to an E2 through
a transthiolation reaction from the charged E1.** A E3 Ub ligase
catalyzes the final step of the ubiquitination by transferring Ub
from Ub-E2 to a lysine residue of the substrate protein, forming
an isopeptide linkage between the C-terminus of Ub and
substrate protein.”*** The RING E3 ligases, around 600 members
in humans, do not form a Ub covalent adduct, while the HECT E3
ligases (around 30 in humans) and RBR E3 ligases (around 12 in
humans) form a Ub-thioester intermediate at the E3 active site. The
human genome contains 2 E1s, 40 E2s, and more than 600 E3s.'*'
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toolbox, are crucial to our understanding and exploitation of the Ub system for novel therapeutics.

Ubiquitination can occur on many eukaryotic proteins
including Ub itself. For Ub, any of the seven lysine residues
(K6, K11, K27, K29, K33, K48, and K63) or the N-terminal
methionine on Ub can be used to form the amide bond
between Ub moieties.? This results in polyUb chains of specific
linkages. K11- and K48-linked polyUb chains are mainly
involved in proteasomal degradation of targeted proteins.'®"”
K63-linked polyUb chain regulates cell membrane trafficking,
protein kinase activation, DNA repair and chromatin dynamics.'®
PolyUb chain of M1 linkage regulates NF-kB activation and
apoptosis.”® Our knowledge of other atypical polyUb chain
linkages (K6, K27, K33) is still limited.”® Notably, we now know
that both linear and branched polyUb chains exist in cells and
are implicated in different cellular pathways.? Deubiquitinating
enzymes, referred to as DUBs, reverse the ubiquitination
process by removing a Ub moiety or a polyUb chain from a
receptor protein.>"** DUBs can also recognize distinct Ub chain
linkages and cleave Ub chains with either endo- or exo-cleavage
modes, suggesting that Ub chain topology plays a crucial role in
Ub-mediated cellular signaling.*?

To replicate the ubiquitination process in vitro, enzymatic
generation of K48- and Ké63-linked Ub dimers and polymers
using Ub ligases was first reported by Cecile M. Pickart and
coworkers in the 1990s,>**" followed by the report of enzymatic
generation of K11-linked dimer by Bremm et al. in the 2000s.%°
Later, in vitro assembly of K6, K29, and K33 polyUb using specific
E3 ligases were also reported.””>° More recently, an E2 (Ubc9)
mediated ubiquitination and ISGylation was reported.*® While
in vitro enzymatic generation of Ub dimers and polymers

© 2021 The Author(s). Published by the Royal Society of Chemistry
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remains a very useful tool to study the different facets of
ubiquitination and deubiquitination, the major limitation of
the enzymatic approaches is the requirement of specific Ub
ligases for a given chain linkage and a particular target protein.
Understanding the recognition of polyUb by a large number of
decoder proteins and the processing of polyUb chains by DUBs
requires the generation of different types of polyUb chains of
defined linkage in sufficient quantities for biochemical and
biophysical studies. Chemical synthesis and semi-synthesis
of ubiquitinated protein offer an attractive solution to this
challenge.?" Several chemical methods including solid-phase
peptide synthesis (SPPS),>>* native chemical ligation
(NCL),* silver-mediated chemical ubiquitination®"*> have been
developed to generate a native isopeptide linkage between Ub
moieties in a polyUb chain or between Ub and a receptor protein
(Fig. 1). Furthermore, chemical ubiquitination using o-halogen
ketone ligation,>>° disulfide exchange,””~*' Cu()-catalyzed azide-
alkyne cycloaddition,®*®* thiol-ene coupling,®*® oxime and
hydrazone formation, conjugate addition,**”** sortase-
mediated,”® and cysteine-aminoethylation assisted chemical
ubiquitination”®”” were also reported to generate ubiquitinated
proteins with a non-native linkage. In this review, we summarize
the chemical methods that have been developed for Ub chain
formation and site-specific protein ubiquitination as well as the
utility of the chemically synthesized ubiquitinated proteins in
understanding their roles in the relevant cellular processes.

66-70

2. Chemical methods for protein
site-specific ubiquitination through a
native isopeptide linkage

2.1 Enzymatic ubiquitination using ubiquitin ligases

An initial breakthrough in enzymatic ubiquitination was the
successful in vitro synthesis of Ub dimers and polymers using
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Ub-activating enzyme E1, Ub-conjugating enzyme E2 and ATP
in the absence of an E3 Ub ligase by Pickart and coworkers.
In 1990, Chen et al. reported that the E2 enzyme (E2,5x) is
capable of catalyzing the formation of K48-linked polyUb chain
in vitro in the absence of an E3 ligase (Fig. 2A).”® In this report,
the authors showed that incubation of E1, E2,5x and radiola-
beled Ub in the presence of Mg>" and ATP led to the formation
of radiolabeled Ub dimers and polymer products. Tryptic
digestion of the Ub dimer and polymer confirmed the isopeptide
linkage between the Ub moieties. Later in 2001, Hofmann et al.
reported that a heterodimeric complex of Ubc13 (an E2 enzyme)
and Mms2 (an E2 variant) can assemble Lys63-linked Ub chains
in vitro without an E3 ligase (Fig. 2B).”

In order to generate Ub dimers and polymers with distin-
guishable distal and proximal Ub for biochemical studies,
mixed populations of lysine-blocked and C-terminally blocked
Ub mutants were used to synthesize the K48- or K63-linked
Ub chains of defined length with specific Ub chain
orientation.®*®> For example, in order to generate K48-linked
Ub dimer, a specific E2 (E2,5x) was incubated with a distal Ub
with Lys48 mutated to Arg (UbK48R) and a proximal Ub mutant
in which an additional Asp was added to wide-type Ub (UbD77)
to cap the C terminus of proximal Ub. Using this method,
milligram of Ub dimers of discrete lengths can be obtained in
an one-step synthesis reaction.®® In vitro synthesized Ub dimer
and tetramer using this method have facilitated the structural
understanding of different Ub chains, Ub chains recognition by
Ub-binding proteins, and activity and specificity of DUBs that
disassemble the polyUb chains.®*®° Besides the well-studied
K48 and K63 Ub linkages, atypical Ub linkage (M1, K6, K11,
K27, K29, K33) are also crucial for eukaryotic cells.®® In vitro
enzymatic assembly of K6, K11, K29, K33 polyUb chains using
specific Ub ligases in conjunction with DUBs were described
recently (see Fig. 2C for K11 Ub chain synthesis as an
example).®”
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Fig. 1 Overview of in vitro chemical methods for protein site-specific ubiquitination. POI stands for protein of interest.
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Fig. 2 Enzymatic generation of polyubiquitin using Ub pathway enzymes.
Enzymatic generation of K48-linked (A), K63-linked (B), and K11-linked
(C) Ub polymers. (D) Lysine acylation using Ub conjugating enzyme Ubc9
for site-specific ubiquitination and I1SGylation of recombinant proteins.

Recently, another breakthrough of enzymatic ubiquitination
by the E2 SUMO-conjugating enzyme Ubc9 was reported by
Hofmann et al. (Fig. 2D).>° The authors named this method as
lysine acylation using conjugating enzymes (LACE), which
enables site-specific modifications including ubiquitination
and ISGylation of recombinant proteins with just Ubc9 in the
absence of E1 and E3 enzymes. According to this report, the
authors found that Ubc9, a SUMO-conjugating enzyme, recognizes
and modifies the lysine embedded in a consensus SUMOylation
motif WKXD/E (¥ is a hydrophobic residue) in a recombinant
protein, yielding an isopeptide linkage. By exploiting the unique
activity of Ubc9, the authors achieved site-specific ubiquitination
and ISGylation of targeted lysine residue in recombinant proteins
including SUMO?2 and a-synuclein with minimal modification of
residues flanking the target lysine.

2.2 Chemical ubiquitination using solid-phase peptide
synthesis

Solid-phase peptide synthesis (SPPS) has proven to be a powerful
tool in generating peptides and proteins since its development
in 1963.%8 Using SPPS, total synthesis of Ub and ubiquitinated
substrate protein were first achieved in the 1990s. In 1994,
Ramage et al. reported the total chemical synthesis of Ub on
an useful scale (100-200 mg) by stepwise SPPS (Fig. 3A).%° Total
chemical synthesis of Ub enabled the preparation of Ub analogs
by insertion of unnatural amino acids or isotopically labeled
amino acids, allowing for a better understanding of cellular Ub
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Fig. 3 Chemical ubiquitination using SPPS. (A) Total synthesis of Ub using
SPPS. (B) Generation of Ub-ICEP52 using SPPS. (C) Synthesis of the
ubiquitinated peptide using SPPS. (D) Synthesis of atypical Ub chains using
isoUb strategy.

signaling process. In 1999, Layfield et al. reported the synthesis
of a linear fusion of Ub and 52-amino-acid ribosomal protein
(UBICEP52) through a native peptide linkage between Ub
C-terminal carboxylate and the N-terminal of ICEP52 using SPPS
(Fig. 3B).”> Moreover, the authors generated Ub-Lys and Ub-Val
by conjugating the e-amino group of the lysine residue and
a-amine of Val to the C-terminus of Ub using SPPS respectively.
The study showed that the Ub moiety in the synthesized
UBICEP52, Ub-Lys and Ub-Val can be cleaved by DUBs.

In 2011, Kumar et al. reported the generation of native
isopeptide linked Ub-peptide using SPPS (Fig. 3C).** In this
report, the authors used SPPS to incorporate a 1-[4,4-dimethyl-
2,6-dioxo-cyclohexylidene]-3-methylbutyl (ivDde) orthogonally
protected Lys into the designated position of Ub chain. The other
Lys residues in the Ub chain were protected by tert-butoxycarbonyl
(Boc). Subsequently, selective deprotection of the ivDde allowed
the SPPS elongation of C-terminal Ub. Followed by extension of
N-terminus of Ub through the ligation of Cys with Ub,_,5 thioester
enabled the generation of the fulllength native linked
ubiquitinated peptide after desulfurization.

In 2017, Tang et al. reported an isoUb strategy for efficient
synthesis of atypical Ub chains, especially for K11,K48-branched
Ub chains (Fig. 3D).** In this report, the authors used a premade

© 2021 The Author(s). Published by the Royal Society of Chemistry
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isopeptide-linked 76-mer synthon (isoUb) that contains an
N-terminal Cys and a C-terminal hydrazide as a key building
block to assemble atypical Ub chains. Following ligation of
the isoUb building block by NCL, several atypical Ub chains of
defined linkage and length including K27-linked tetra-Ub
and K11/K48-branched tri-, tetra-, penta-, and hexa-Ubs were
prepared successfully.

2.3 Chemical ubiquitination using native chemical ligation

Native chemical ligation (NCL), characterized by the ligation of
a N-terminal cysteine-containing peptide and a second peptide
possessing a C-terminal thioester and the formation of a native
peptide bond at the ligation junction, is a powerful chemical
method of synthesizing native and modified proteins of moderate
size.” The total synthesis of Ub and diUb have been achieved using
NCL coupled with SPPS. In 2005, the Kent group reported the
successful generation of Ub using NCL and SPPS.”" However, NCL
usually leaves a Cys residue at the ligation junction, limiting its
application in generating native isopeptide linkage between Ub and
protein of interest (POI). Auxiliary groups, which can be removed
under mild conditions such as weak acid or UV light, provide a
good solution to this problem.

One example of using auxiliary group-mediated chemical
ubiquitination is histone ubiquitination. Previous studies have
shown that ubiquitination of histone H2A and H2B is of great
importance in the DNA damage response,’®* gene silencing,”*
transcription elongation.”® To fully understand the cellular
process that involves Ub modification of histones requires
homogeneous ubiquitinated histones with good quantity
and purity for biochemical and structural characterization.
However, in vitro reconstitution of ubiquitinated histone using
Ub ligases and associated factors only allows the production of
ubiquitinated histones in a very limited quantity.’® Photocleavable
auxiliary-mediated NCL coupled with expressed protein ligation
(EPL) provides a wonderful example to generate ubiquitinated
histones in vitro. In 2007, Chatterjee et al. reported a photo-
cleavable auxiliary-mediated site-specific ubiquitination of H2B
peptide at Lys120 position (Fig. 4A).> In this report, the authors
first used SPPS to incorporate ivDde-protected Lys at the
designated position in the H2B peptide and Boc-protected Lys
at other Lys positions. Then, the photocleavable auxiliary can
be incorporated into Lys120 of H2B following a reaction
sequence: selective deprotection of the designated Lys residue
in the H2B peptide, amide coupling of lysine sidechain amine
with 2-bromoacetic acid, and a nucleophilic substitution of the
a-bromide by the amine group in the photocleavable auxiliary.
Then, the exposed free thiol in the auxiliary facilitates the
formation of a native amide bond between C-terminus of
Ub;_,5 and the modified Lys side chain in H2B (Fig. 4A).
The photocleavable auxiliary group can be readily removed by
325 nm UV irradiation generating a native isopeptide linkage
between Ub and H2B peptide. Later in 2008, using a similar
photocleavable auxiliary strategy coupled with NCL and desul-
furization, the Muir lab reported the successful generation of
the full-length ubiquitinated H2B at Lys120 position.*® Importantly,
the synthesized Ub-H2B can be reconstituted into nucleosomes

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and revealed that Ub-H2B at Lys120 activates methylation of
histone H3 at Lys79 by the histone lysine methyltransferase
hDot1L.

Two other auxiliary-mediated chemical ubiquitination
methods were also reported. In 2014, Weller et al. reported a
2-(aminooxy)ethanethiol auxiliary-mediated chemical ubiquiti-
nation method (Fig. 4B).*” In this report, SPPS was used to
generate a Ub peptide with a specific lysine modified by
2-(aminooxy)ethanethiol auxiliary group. Then, the Ub peptide
undergoes NCL with Ub(;_s5)-o-thioester. Finally, the auxiliary
group can be removed by zinc in an acidic condition and with
6 M Gn-HCI generating a native isopeptide linkage at the
ligation junction. Importantly, this auxiliary-mediated chemical
ubiquitination method has several advantages in terms of
ligation rate and compatibility with Cys residues in the POL
Notably, the post-ligation product with an N-substituted Gly76 in
Ub resists the hydrolysis by DUBs. However, the removal of the
auxiliary group using Zn under pH 3 limits its application to
unstructured peptide or protein. Later, in 2016, Weller et al.
optimized the removal strategy of the auxiliary by 4-mercapto-
phenylacetic acid-mediated cleavage of N-O bonds for chemical
ubiquitination of folded proteins allowing for the generation of
full-length SUMO-H2B.*®

In 2016, Pan et al. reported that the trifluoroacetic acid
(TFA)-labile 1-(2,4-dimethoxyphenyl)-2-mercaptoethyl can be
used as an auxiliary to synthesize K27-linked Ub dimers and
trimers (Fig. 4C).*° In this study, SPPS was used to generate
Ub,_45 with K27 modified by the auxiliary group. After NCL with
Acm-Cys46-Ub,y_75-NHNH,, the auxiliary group can be removed
by TFA/H,O/EDT/thioanisole and Ag/AcOH. Then full-length
K27-linked Ub dimer can be successfully generated by NCL
and desulfurization. Notably, using quasi-racemic crystallography
the authors revealed that the crystal structure of K27-linked diUb
and triUb are symmetric and triangular respectively.

Auxiliary-mediated chemical ubiquitination is a useful
method to generate ubiquitinated proteins with a native iso-
peptide linkage. However, the ligation reaction exhibits slow
kinetics due to steric hindrance imposed by the auxiliary-
bearing secondary amine. To overcome this problem, another
breakthrough in the chemical ubiquitination was made by the
installation of a thiol handle at the y- or é-carbon of a lysine
residue, which can undergo NCL with Ub-MES to generate a
natively linked ubiquitinated protein after desulfurization.
In 2009, Yang et al. reported a y-thiol lysine mediated chemical
ubiquitination through dual NCL (Fig. 5A).*” In this study,
the authors used SPPS to incorporate a carboxybenzyl (Cbz)
protected 7y-thiol lysine residue into the peptide, which can
undergo NCL two times with N-terminal peptide and Ub-MES
respectively, yielding a natively linked Ub-peptide as the final
product after desulfurization. Later in 2010, Yang et al. reported
an optimized dual NCL strategy by using a photolabile NVOC
protection group instead of the acid-labile Cbz to protect the
g-amino group of Lys, and successfully generated a native
K48-linked diUb as the final product.®®

In 2009, Kumar et al. used SPPS to incorporate a protected
d-mercaptolysine residue into a target peptide. After selective

RSC Chem. Biol., 2021, 2, 450-467 | 453
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chemical ubiquitination.

deprotection, a &-mercaptolysine-mediated NCL leads to a
native linkage between Ub and the peptide after desulfurization
(Fig. 5B).>® Later, Brik and coworkers reported several protection
strategies for 8-mercaptolysine analogues (structures showed in
Fig. 5B), in particular the thiazolidine protected §-mercaptolysine,
employed in the synthesis of various Ub chains and ubiquitinated
substrates.*>*° §-Mercaptolysine mediated chemical ubiquitination
represents a very successful strategy to generate homogeneous
site-specific ubiquitinated POI samples for decoding the function
of ubiquitinated POL*"**” Moreover, this strategy was also used in
the generation of Ub-based chemical probes to study the activity of
DUBs.”

In 2011, Virdee et al. reported a genetic approach using a
pyrrolysyl-tRNA synthetase/tRNAcya pair to incorporate a

454 | RSC Chem. Biol., 2021, 2, 450-467

photocaged unnatural amino acid &-thiol-Ne-(p-nitrocarbo-
benzyloxy)lysine into specific lysine position of targeted protein,
which enabled the traceless chemical ubiquitination of POL*
In this report, a native isopeptide bond between the target
protein and Ub was successfully generated through photo-
deprotection to free the thiol-lysine residue followed by NCL
with Ub-MES and desulfurization (Fig. 5C).

A notable example of d-mercaptolysine-mediated chemical
ubiquitination is that of a-synuclein (a-syn). o-Syn is a 140-residue
intrinsically disordered presynaptic protein, involved in the
pathogenesis of Parkinson’s disease (PD) and several other
neurodegenerative disorders.>® !
poly-ubiquitination of o-syn have been associated with Lewy
bodies of PD patients.'® While previous studies showed that

Interestingly, mono-, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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monoubiquitination of a-syn inhibits rather than promotes o-syn
fibrillization, the function of polyubiquitination of a-syn is not
clear. In vitro enzymatic site-specific ubiquitination of a-syn at a
single or multiple lysine residues remains difficult to achieve.
Coexpression of a-syn with Ub ligases results in mainly mono- and

di-ubiquitination at multiple sites."®'®* To overcome these
challenges, Hejjaoui et al. in 2010 reported a d-mercaptolysine-
mediated monoubiquitination of o-syn at Lys6 (Fig. 6A).**
The authors used recombinantly expressed o-syn fragment
comprising residues 19-140 with a Cys residue at the N-terminus
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and SPPS-generated peptide containing residues 1-18 of a-syn
with a protected d-mercaptolysine replacing the Lys6 in o-syn.
Then NCL was used to connect the two pieces of peptide and
generate a full-length o-syn mutant with the original Ala19
replaced by Cys. Followed by the removal of the protection
group of 6-mercaptolysine in the a-syn intermediate, Ub can be
attached to the a-syn mutant through NCL. Finally, global
desulfurization to remove the thiol yielded ubiquitinated
a-syn with a native isopeptide linkage between the C-terminus
of Ub and the Lys6 of o-syn. Importantly, biochemical studies
using the chemical synthesized Ub-o-syn supported the idea
that ubiquitination of a-syn at its N-terminal region stabilizes
the monomeric form of o-syn and prevents its oligomerization
and fibrillogenesis.

By exploiting the &-mercaptolysine-mediated
ubiquitination approach, the total synthesis of diUb of all seven
linkages*" as well as K48-linked tetraUb*’ were achieved by the
Brik group. Further, Haj-Yahya et al. reported a semisynthetic
strategy to generate polyubiquitinated o-syn (Fig. 6B).*°
The authors used SPPS to incorporate a d-mercaptolysine at
the desired lysine position of Ub. After NCL with a Ub mutant
containing a &-mercaptolysine, a diUb intermediate was
generated. Then, 4-mercaptophenylacetic acid was used to
activate the C-terminus of the diUb intermediate followed by
an NCL with the 3-mercaptolysine-containing o-syn generating
a diUb-a-syn. Then the protected o-mercaptolysine can be
unmasked by methoxylamine and react with diUb mutant
through a NCL reaction yielding a tetraUb-o-syn. After global
desulfurization, a native isopeptide linked tetraUb-o-syn was
generated. Biochemical studies using the generated Ub-o-syn
species indicated that di- and tetra-ubiquitinated o-syn, but not mono-
ubiquitinated o-syn, are prone to proteasome degradation and
protected from cleavage by proteasome-associated deubiquitinases.
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Another example of &-mercaptolysine mediated chemical
ubiquitination is a-globin. Previous studies showed ubiquitination
of a-globin can lead to its degradation by the proteasomal system
in cells.’® % Studying the fate of mono- and poly-ubiquitination
of a-globin at specific sites requires homogeneous samples
with good quantity and purity. In 2019, Sun et al. reported
the generation of K48-linked tetraUb o-globin at Lys105 position
of the protein using the d-mercaptolysine-mediated chemical
ubiquitination strategy similar to the generation of polyUb
a-syn.>° In this report, the authors revealed the diverse fate of
Ub moieties in polyubiquitinated a-globin. The distal Ub in the
tetra-Ub adduct was efficiently removed by DUBs while the
proximal Ub was predominantly degraded with the substrate.
The degradation efficiency was proportional to the Ub chain
length with tetra-Ub globin being an efficient substrate for
proteasome and little degradation of mono-Ub globin.

2.4 Silver-mediated chemical ubiquitination

In 2010, Virdee et al reported a powerful combination of
genetic code expansion and chemoselective chemical reactions
to generate native K6- and K29-linked Ub dimer, which allowed
structural characterization of Ké-linked diUb and profiling of
DUB specificity toward K6- and K29-linked Ub chains (Fig. 7A).>*
In this report, the Boc-protected Lys was recombinantly encoded
at the specific position in Ub using the PylRS/tRNAcya pair,
while all other Lys residues were orthogonally protected with
N-(benzyloxycarbonyloxy)succinimide (Cbz-OSu). After selective
removal of the Boc-protecting group from the designated
Lys, silver-mediated direct coupling reaction between the
Lys and a Ub-thioester enables the generation of a native
isopeptide bond between two Ubs. Finally, global deprotection
of other Lys residues yields the native K6 and K29-linked Ub
dimers.
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In 2011, Castafieda et al. reported the generation of native
K11-linked di-, tri-, and tetra-Ubs, K33-linked diUb, and K11,
K33-linked triUb using a similar method (Fig. 7B).”* In this
report, instead of using Cbz, the authors used allyloxycarbonyl
(Alloc) group to protect Lys residues in the Ub chain for the
reason that Alloc can be removed under a milder condition.

3. Chemical ubiquitination through a
non-native isopeptide linkage

Chemical methods allowed the preparation of ubiquitinated
proteins with a native isopeptide linkage are often difficult to
obtain. These methods work best for proteins of small size and
can be readily refolded following reactions under harsh denaturing
conditions. To address these limitations, several chemical
ubiquitination methods have been developed to generate proteins
with site-specific ubiquitination through a linkage mimicking
the native one. These methods have expanded the repertoire
of ubiquitinated proteins and provided facile methods for
generating homogeneous ubiquitinated proteins with a good
quantity.

3.1 Alpha-halogen ketone-mediated chemical ubiquitination

Alpha-halogen ketone-mediated chemical ligation with thiol
provides a facile method to generate ubiquitinated POI. Instead
of incorporating an unnatural amino acid into the protein, the
nucleophilicity of the thiol group in a cysteine residue was
exploited for chemical ligation with Ub that contains a
C-terminal reactive electrophile. In 2000, Yin et al. reported
the generation of K11, K29, K48 and K63-linked nonhydrolyzable
diUb analogues using 1,3-dichloroacetone as the cross-linking
reagent (Fig. 8A).>® For the design of the Ub mutants, the authors
used site-directed mutagenesis to replace the targeted Lys with
Cys on the proximal Ub and the C-terminal Gly76 with Cys on the
distal Ub respectively. 1,3-Dichloroacetone was used to react with
the Cys in proximal Ub yielding a Ub-chloromethyl ketone
adduct. Then an equimolar amount of distal UbG76C mutant
was added to the mixture generating the desired diUb as the
final product. Importantly, the study revealed that these final
diUb products are resistant to DUB cleavage and inhibit the
activity of several DUBs tested. The introduction of a Cys at the
C-terminus of Ub for chemical ligation led to a relatively large
deviation from the native diUb isopeptide linkage.

In 2016, Lewis et al. reported the synthesis of nonhydrolyzable
Ub-a-synuclein and SUMO-a-synuclein using 1,3-dibromoacetone
as the cross-linking reagent (Fig. 8B).>* This method has
advantages over the above mentioned 1,3-dichloroacetone
method in term of reaction yield. Instead of using G76C Ub
mutant, the authors generated Ub-aminoethanethiol using EPL.
Then, the Ub-aminoethanethiol was incubated with 1,3-
dibromoacetone, generating a Ub intermediate. After HPLC
separation, the Ub intermediate was ligated to a-synuclein with
a specific Lys to Cys mutant (K6C, K23C, K43C, or K96C) to
generate site-specifically modified Ub-a-synuclein. Notably, the
study suggested that ubiquitination at 23, 43, and 96 position of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a-synuclein can inhibit its aggregation and toxicity. In contrast,
ubiquitination at position 6 on a-synuclein led to the formation of
irregular short fibers. Using this method, ubiquitination of H2B at
position 120 was also achieved, which facilitated the structural
determination of ubiquitinated nucleosome bound with the SAGA
DUB module.*®

One limitation of the above described a-halogen ketone-
mediated chemical ubiquitination method is that the protein to
be ubiquitinated either contains no native cysteines or all
native cysteines needs to be mutated to serines in order for
site-specific ubiquitination. In 2016, Yang et al. reported the
generation of a nonhydrolyzable Ub-PCNA with the preservation
of native cysteines on PCNA through o-bromoketone-mediated
ligation (Fig. 8C).>> In this report, the authors first synthesized a
linker molecule (3-(2-(bromomethyl)-1,3-dioxolan-2-yl)propan-1-
amine). The linker molecule reacts with Ub-MESNA, generating
a Ub intermediate that contains a protected o-bromoketone.
Following the deprotection of the carbonyl group, the Ub inter-
mediate can be ligated with an introduced Cys in PCNA. In order
to achieve site-specific ubiquitination of PCNA with the preser-
vation of native cysteines, a photocaged Cys was incorporated at
the designated Lys164 position of PCNA using an amber codon
strategy while the native cysteines were protected by methyl
methanethiosulfonate (MMTS). After selective removal of the
photocage protection group on Cys164 and ligation with the
o-bromoketone in the Ub intermediate, DTT was added to
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remove the protection group on the native cysteines, generating
Ub-PCNA as the final product with the preservation of the native
cysteine residues in PCNA. PCNA acts as a scaffold for DNA
polymerases including the Y-family polymerases that function
in translesion DNA synthesis. Using an in vitro assay it was
shown that the above chemically ubiquitinated PCNA stimulates
the translesion synthesis activity of Poln similarly to that of the
native monoubiquitinated PCNA. Notably by modifying the
linker structure such as including a carbon-carbon double bond
next to the carbonyl group, a Michael acceptor warhead can be
conveniently introduced to the ubiquitinated protein species.
Using this ligation strategy, the Zhuang group has successfully
generated diUb activity-based probes, Ub-PCNA probes, and cell-
permeable Ub probes.'®*

3.2 Chemical ubiquitination through a disulfide linkage

Disulfide-containing molecules as chemical linkers have been
explored in protein bioconjugation.’** Ellman’s reagent (5,5’
dithiobis-(2-nitrobenzoic acid) or DTNB) developed by George
L. Ellman was known for its ability to facilitate rapid disulfide
exchange reaction. In 2010, the Zhuang and Muir labs independently
reported the respective chemical ubiquitination of PCNA and
H2B through disulfide linkage. Chen et al reported the
chemical ubiquitination and SUMOylation of PCNA through a
disulfide linkage at different sites of PCNA (Fig. 9A).>” In this
report, the authors first used the expressed protein ligation
method to generate Ub-cysteamine. Then DTNB was used to
activate the thiol group in this Ub intermediate, yielding a
DTNB-activated Ub-cysteamine. Then, the disulfide exchange
reaction was carried out between the activated Ub species with
a cysteine-light PCNA with a unique cysteine introduced at
selected position (164, 127, 107 or 44), generating Ub-PCNA as
the final product. Using a similar strategy, SUMOylated PCNA

View Article Online

Review

was also generated. Importantly, this report revealed that the
monoubiquitination of PCNA at the selected positions on PCNA
did not show significant difference in promoting polymerase
exchange in translesion DNA synthesis.

Chatterjee et al reported a disulfide-directed histone
ubiquitination method (Fig. 9B).>® In this report, instead of
using DTNB to activate the thiol in Ub-cysteamine, the authors
used 2,2’-dithiobis(5-nitropyridine) (DTNP) to activate the
designated Cys in H2B. Then the rapid disulfide bond exchange
reaction was carried out between Ub-cysteamine and DTNP-
activated Cys in H2B, yielding Ub-H2B as the final product.
Using this method, the author successfully generated Ub-H2B
at specific positions on H2B (K108, K116, K120, and K125) and
revealed that H2BK125 monoubiquitination stimulates hDot1L
activity.

Meier et al. also reported site-specific chemical ubiquitination
of a-synuclein through disulfide linkage (Fig. 9C).>° Using a
similar method, the authors first generated Ub-cysteamine,
followed by the activation of the thiol group with DTNP.
Finally, ubiquitinated o-synuclein can be generated
through a transthiolation reaction with the thiol group in
the o-synuclein. The authors generated nine site-specifically
ubiquitinated o-synuclein derivatives and demonstrated that
different ubiquitination sites have varied effects on a-synuclein
aggregation.

Moreover, disulfide-mediated chemical ubiquitination has
also been used to generate polyUb-a-globin and polyUb-PCNA.
Hemantha et al. generated polyUb-a-globin using a disulfide-
directed chemical ubiquitination strategy (Fig. 10A).*° In this
study, the authors utilized SPPS and NCL to generate polyUb
(n=2, 3, 4) building blocks containing a C-terminal cysteamine
at proximal Ub. The designated Cys in a-globin was activated
by DTNP, followed by the final attachment of a Ub chain to
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a-globin through a transthiolation reaction. Moreover, in this
report the authors tested two other reactive groups introduced
at the C-terminus of the proximal Ub as well. Both bromoacetamide
and maleimide groups allowed efficient generation of polyUb
a-globin. A cell-free reconstituted system was used to assess
the proteasomal degradation of mono- and di-ubiquitinated
a-globin. Interestingly, although monoubiquitination of a-globin
was not sufficient to trigger o-globin degradation by proteasome,
the di-Ub-o-globin can be rapidly degraded.

In DNA damage tolerance, K63-linked polyubiquitinated
PCNA plays an important role in the selection of the error-free
lesion bypass pathway in eukaryotes. In 2014, Yang et al
reported the generation of tetraUb-PCNA through a disulfide-
mediated ligation strategy (Fig. 10B).®" In this report, the authors
first utilized an intein-based strategy to generate Ub-cysteamine.
For the distal Ub, the designated Lys in Ub was mutated to Cys
and protected by a 2-nitrobenzyl photocage group to prevent
uncontrolled disulfide formation. Then, mouse E1, human E2
(Ubc13-Mms2) were used to ligate these two Ub species, yielding
a diUb building blocks. Then, the C-terminal cysteamine of diUb
was activated via DTNB treatment and subsequently ligated to
K164C PCNA through a transthiolation reaction. Next, the
photocage 2-nitrobenzyl group in Ub was removed by UV irradiation
and reacted with another activated diUb building block
forming tetra-Ub-PCNA as the final product. Using this
construct the authors tested in vitro DNA synthesis by DNA
polymerases and polymerase switching mediated by ubiquiti-
nation of PCNA. It was found that K63-linked tetraUb-PCNA
suppressed the DNA synthesis activity of Poln, likely by
trapping Poln in a nonproductive mode. The ability of generating
well-defined polyubiquitinated PCNA opens the door to identify
the elusive reader proteins of polyubiquitinated PCNA in the
error-free lesion bypass process.

3.3 Cu(i)-catalyzed azide-alkyne cycloaddition

The Cu(1)-catalyzed azide-alkyne cycloaddition reaction, also
known as click reaction, is a rapid and biocompatible reaction.
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In 2010, Weikart et al. reported the generation of SUMO-PML,,
using Cu()-catalyzed azide-alkyne cycloaddition (Fig. 11A).°>
In this report, the authors first used site-directed mutagenesis
to mutate the target Lys to Cys in PML,; for installation of
an azide group through the nucleophilic reaction of thiol
with N-(2-azidoethyl)-2-iodoacetamide. The authors used the
expressed protein ligation to conjugate propargylamine to the
C-terminus of SUMO. Finally, Cu(i)-catalyzed azide-alkyne
cycloaddition between the azide-modified PML,; and SUMO-
propargylamine yielding SUMO-PML;; as the final product.
While the triazole linkage deviates from the native linkage in
size and length, it resists DUB cleavage.

In the same year, Eger et al. reported the generation of Lys6,
Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63-linked diUb using
Cu(1)-catalyzed azide-alkyne cycloaddition (Fig. 11B).** For the
design of distal Ub, the authors generated Ub mutant with the
insertion of Ala and Ser between the initial Met and second
amino acid Gln and mutated the last Gly to Met (MASUb76M).
Then, MASUb76M was expressed in the Met auxotrophic E. coli
stain B834(DE3). Using Met suppression and azidohomoalanine
(Aha) feeding, Ub mutant with the C-terminal Met completely
replaced by Aha and the first Met cleaved off by methionine
aminopeptidase was obtained. For proximal Ub, the authors
used amber codon suppression to incorporate the propargyl-
protected Lys derivative (Plk) at the specific Lys positions in Ub.
With distal and proximal Ub building blocks in hand,
Cu(r)-catalyzed azide-alkyne cycloaddition yielded Ub dimers
with a triazole linkage that is resistant to DUB cleavage.
Moreover, Cu(i)-catalyzed azide-alkyne cycloaddition has been
used to generate internal and terminal diUb activity-based
probes. In 2013, McGouran et al. reported the generation of
internal diUb probe of all eight linkages (M1, K6, K11, K27, K29,
K33, K48, K63) through Cu(i)-catalyzed azide-alkyne cycloaddi-
tion, allowing for the profiling of DUB activities.""* More
recently, terminal activity-based diUb probes and interactor
affinity probes were also generated by Cu()-catalyzed azide-alkyne
cycloaddition.'****¢
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Fig. 10 Chemical polyubiquitination using a disulfide exchange reaction. (A) Generation of disulfide-linked polyUb-a-globin. (B) Generation of disulfide-

linked polyUb-PCNA.
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Using a similar strategy, in 2011, Eger et al. reported the
generation of a mono-ubiquitinated PCNA using Cu(i)-catalyzed
azide-alkyne cycloaddition (Fig. 11C).°* In this report, the
authors generated Ub and PCNA mutant containing unnatural
amino acids that carry an azide (Aha) and an alkyne (PIk) in
their side chains respectively. Followed by Cu(i)-catalyzed
azide-alkyne cycloaddition, Ub-PCNA was successfully prepared
with good purity and yield.
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Fig. 12 Chemical ubiquitination using thiol-ene reaction.
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3.4 Chemical ubiquitination using thiol-ene coupling

The addition of thiyl radicals to alkenes also known as thiol-
ene coupling (TEC) has been widely applied in bioconjugation
due to its high reaction rate. With a reaction constant of
10° M~ ! s, this reaction has the potential to serve as a
powerful method for chemically modifying proteins. In 2012,
Valkevich et al. reported the generation of Ub dimer and
branched Ub trimers using TEC reaction (Fig. 12).°® In this
study, the authors used UbD77 to react with an excess amount
of allylamine catalyzed by a DUB YUH1 to generate distal Ub
mutant (Ub-AA). For proximal Ub, site-directed mutagenesis
was used to mutate the target Lys to Cys. With 365 nm UV
irradiation, the water-soluble free radical initiator lithium acyl
phosphinate (LAP) initiates the TEC reaction between the two
Ub species generating a Ub dimer as the final product. Using
this method, K6-, K11-, K29-, K33-, K48-, K63-linked diUbs were
generated successfully except K27-linked diUb due to potential
steric hindrance. Also, the authors successfully generated
K6/K48, K11/K48, K48/K63 branched triUb. One advantage of
the thioether linkage generated by thiol-ene coupling is that it
mimics the native isopeptide and can be cleaved by DUBs in a
similar efficiency as the native Ub dimers. In vitro assays
showed cleavage specificity of diUbs and branched triUbs
generated using thiol-ene coupling for tested DUBs. Using this
approach, the Strieter group also reported the generation of K6,
K48, K63 Ub polymers up to seven subunits starting with
specific Ub monomer in a single step TEC reaction.®

3.5 Chemical ubiquitination through oxime and hydrazone
formation

Oxime formation represents a fast chemoselective condensation
reaction between aminoxy and aldehyde to form a stable linkage.
In 2010, Shanmugham et al. reported the generation of ubiqui-
tinated isopeptide using oxime formation that is resistant to
DUBs cleavage (Fig. 13A).” In this report, the authors used
Ub-aldehyde that can be generated from Ub-acetal and subsequently
ligated with an aminoxy-modified peptide to form a nonhydrolyzable
ubiquitinated isopeptide as the product. Using this method, the
authors successfully generated K48- and K63-linked ubiquitinated
isopeptide mimicking diUb as well as ubiquitinated PCNA, H2A,
H2B, FANCD?2 isopeptides.

Using a similar oxime formation chemistry, in 2016, Stanley
et al. reported the generation of full length diUb (Fig. 13B).°®
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Fig. 13 Chemical ubiquitination through oxime and hydrazone formation. (A) Generation of Ub-peptides through oxime formation. (B) Generation of
Ub-POI through oxime formation. (C) Generation of polyUb-a-globin through oxime formation. (D) Generation of Ub-POI through hydrazone formation.

In this report, the authors used a pyrrolysyl-tRNA synthetase
PyIRS/tRNAcuya pair to site-specifically incorporate the unnatural
amino acid aminooxy-L-lysine into proximal Ub. Then, biorthogonal
oxime ligation between aminooxy-lysine in the proximal Ub and
distal Ub-aldehyde afforded a full-length diUb as the final product.
Using this method, the authors successfully generated Ub chain
and ubiquitinated SUMO.

Later in 2016, Singh et al. reported the generation of polyUb-
a-globin utilizing oxime formation chemistry coupled with
3-mercaptolysine mediated chemical ubiquitination (Fig. 13C).*°
In this report, the authors used SPPS to incorporate a protected
d-mercaptolysine into distal Ub. Following modification of the
C-terminus of Ub and deprotection to free the §-mercaptolysine,
the Ub building block was ready to be ligated with chemically
modified o-globin. Site-directed mutagenesis was used to mutate
the designated Lys to Cys in a-globin. After the reaction of thiol in
a-globin with chloroacetaldehyde, the a-globin was ready to be
ligated with the oxime functional group in the Ub building block

© 2021 The Author(s). Published by the Royal Society of Chemistry

to form ubiquitinated a-globin. PolyUb a-globin was generated by
NCL with Ub,-MPAA creating a stable linkage between Ub and
a-globin resistant to DUB cleavage. Through incubation of the
generated polyUb-a-globin with purified human 26S proteasome,
the authors found that while the diUb- and triUb-a-globins are
susceptible to trimming by proteasome-associated DUBs but not
degradation, the tetraUb-a-globin are predominantly degraded by
the proteasome.

In 2018, Bhat et al. reported a chemical ubiquitination
method through hydrazone formation (Fig. 13D).”° In this
report, the authors used site-directed mutagenesis to mutate
the designated Lys to Cys in histone. Followed by thiol alkylation
with chloroacetaldehyde, condensation with Ub-hydrazide, and
reduction with sodium cyanoborohydride, ubiquitinated histone
H2B and diUb mimics were generated successfully using this
hydrazone formation method. Importantly, the authors showed
that the hydrazone linkage of ubiquitinated POI can be cleaved
by DUBs.
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3.6 Chemical ubiquitination using conjugate addition

Chemical ubiquitination by exploiting the nucleophilicity of
cysteine thiol that can readily react with a Ub C-terminal
electrophile represents an efficient way of generating ubiquitinated
POL. The first example is the chemical ubiquitination using thiol-
Michael addition. The thiol-Michael addition reaction
characterized by the conjugate addition of a thiol to a Michael
acceptor has been widely used in bioconjugation and materials
chemistry."’”"'® In 2014, Hemantha et al reported the
generation of monoUb- and diUb-a-globin using thiol-Michael
addition (Fig. 14A).°° The authors first used SPPS to generate
monoUb- and diUb-hydrazide, followed the treatment with
NaNO, at pH 3 to convert the hydrazide group to acyl azide.
Following the addition of an excess amount of commercially
available N-(2-aminoethyl)-maleimide, mono- and di-Ub
maleimide were generated. Finally, a thiol-Michael addition
between the thiol in an a-globin mutant and the maleimide in
Ub yielded monoUb-a-globin with good efficiency.

Another strategy of chemical ubiquitination using thiol-
Michael addition is through the generation of dehydroalanine
(Dha) Michael acceptor in the protein backbone and ligation
with thiol group introduced at the C-terminus of Ub. Dha-based
chemistry has been proved as a versatile strategy for the
preparation of proteins bearing PTM mimetics."**™>* In 2016,
Meledin et al. reported a chemical protein ubiquitination method
via a thiol dehydroalanine Michael addition reaction (Fig. 14B).”*
In this report, the authors first used 1,4-dibromobutane to

View Article Online
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convert the cysteine residue in the substrate protein to Dha.
Followed by a thiol-Michael addition with a hexapeptide bearing
a thiol reactive handle derived from the C-terminal of Ub, a
thioether linkage between the Ub C-terminal peptide and a target
protein peptide was generated. Followed by extension of Ub chain
by NCL with the complementary Ub polypeptide Ub(;_oythioester
and desulfurization, a full-length ubiquitinated peptide was
generated with good yield. Using this method, the authors
also successfully generated K29- and K48-linked diUb and
ubiquitinated o-globin.

Using a similar thiol dehydroalanine Michael addition strategy,
Pan et al. reported the generation of K27-diUb and the crystal
structure of a UCHL3-K27diUb complex.”* In this report, the
authors first generated K27UbDha, followed by the ligation with
an auxiliary molecule through thiol-Michael addition. Subsequent
deprotection of the auxiliary group exposed the thiol group for
NCL with distal Ub-hydrazide yielding a diUb intermediate.
K27-Linked diUb was successfully generated by removal of the
auxiliary group using trifluoroacetic acid. Importantly, the authors
solved the crystal structure of UCHL3-K27diUb and found that
binding of K27-diUb to UCHL3 changed the conformation of the
ubiquitin dimer.

Recently, Baumann et al. reported a chemical ubiquitination
method using vinylphosphonothiolate electrophiles for thiol-
thiol bioconjugations (Fig. 14C).”* In this report, the authors
first generated UbG76C dimer. Then, DTT was used to reduce
the disulfide bond and DTNB to activate the thiol group
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Fig. 14 Chemical ubiquitination through conjugate addition. (A) Generation of Ub-a-globin through thiol maleimide conjugate addition. (B) Generation
of Ub-POI through thiol dehydroalanine conjugate addition. (C) Generation of ubiquitinated POI through vinylphopshonite-mediated conjugate addition.
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generating a UbG76C-TNB intermediate. Followed by the addition
of vinylphosphonite, the TNB group can be substituted by
vinylphosphonite forming a UbG76C vinylphosphonothiolate
intermediate. Finally, the cysteine residue in the POI can undergo
a conjugate addition with the UbG76C vinylphosphonothiolate
intermediate, yielding a ubiquitinated POI. Using this method,
the authors successfully generated K48-linked diUb and
K6-ubiquitinated o-synuclein.

3.7 Sortase-mediated ubiquitination

In 2019, Fottner et al. reported a sortase-mediated ubiquitination
method (Fig. 15).”> SrtA can recognize peptide sequence LPXTG
and cleave the peptide bond between T and G, forming a
thioester intermediate between the sortase active site Cys and
LPXT, which undergoes a specific transpeptidation with a
peptide containing a N-terminal glycine residue. In this report,
the authors modified the C-terminal peptide of Ub from its
native sequence LRLRGG to LPLTGG, allowing for its recognition
by SrtA and the subsequent formation of a thioester-linked
Ub-SrtA intermediate. This intermediate can be nucleophilically
attacked by an a-amino group of the terminal glycine of a GGK
group introduced on POI, forming the ubiquitinated protein
with a native isopeptide bond between the targeted lysine on the
POI and the G76 of Ub. To introduce GGK in POI, the authors
used genetic-code expansion to insert an unnatural amino acid
AzGGK into a specific position of POI. Then, the azide group in
the side chain of AzGGK was reduced to an amine through a
bioorthogonal Staudinger reduction, generating a GGK amenable
for sortase-mediated ubiquitination. Also, the authors showed
that this method can also be applied to chemical SUMOylation of
POI and successfully generated diUb, Ub-PCNA and SUMO-GFP.
Importantly, this approach allows the site-specific ubiquitination
and SUMOylation of non-refoldable, multidomain proteins in
mammalian cells through a native isopeptide bond but resistant
to DUB cleavage as the C-terminus of Ub was modified.

3.8 Cysteine-aminoethylation assisted chemical
ubiquitination

In 2019, Chu et al. reported a CAACU (cysteine-aminoethylation
assisted chemical ubiquitination) strategy for the efficient
synthesis of ubiquitinated and SUMOylated histone analogs
(Fig. 16A).7° In this report, the authors first mutated the target
Lys in histones to Cys, followed by the installation of an
auxiliary group as shown in Fig. 16A. Subsequent removal of
the thiol-protecting acetamidomethyl (Acm) group enables the
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Fig. 15 Sortase mediated protein ubiquitination.
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Fig. 16 Cysteine-aminoethylation-assisted chemical ubiquitination. (A)
Cysteine-aminoethylation-assisted chemical ubiquitination of histones.
(B) Cysteine-aminoethylation-mediated NCL to generate isopeptide-N-
ethylated diUb, ployUb, branched polyUb, and ubiquitinated POI.

ligation with Ub hydrazide, yielding an amid linkage between
Ub and histones. After removal of the auxiliary group, ubiquitinated
histones were generated. Using this method, the authors also
generated SUMOylated histones. Cleavage assay using DUBs
showed that the thioether-containing isopeptide linkage was
cleaved by DUBs as efficiently as a native isopeptide bond in
Ub-histone.

Recently, Zheng et al. reported a 2-((2-chloroethyl)amino)
ethanethiol-mediated and E1-catalyzed strategy to generate an
isopeptide-N-ethylated diUb which is resistant to DUB cleavage
(Fig. 16B).”” In this report, the authors first synthesized a
bifunctional small molecule 2-((2-chloroethyl)amino)ethanethiol
protected with Acm. This small molecule can readily react with
the thiol group in the POI Subsequent removal of the ACM
protection group exposed a P-mercaptoethylamin as a reactive
handle for subsequent ligation with distal Ub-thioester generated
by an E1 catalyzed reaction. Followed by desulfurization, an
N-ethyl isopeptide linked Ub-POI was generated successfully.

4. Summary and perspective

Ubiquitination has attracted much attention since the discovery
of its involvement in proteasomal protein degradation. The
diversity of Ub chain linkages and length presents tremendous
challenges to the investigation of protein ubiquitination and
deubiquitination. In vitro enzymatic assembly of polyUb chains
provided an initial method for biochemists to generate the Ub
chain of different linkages, allowing for early studies of Ub
modification. The more recent breakthrough in synthetic and
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semisynthetic methods in preparation of linkage and site-
specific polyUb chains and ubiquitinated POI has greatly helped
elucidating Ub chain assembly, recognition, and processing with
molecular details. Chemical ubiquitination through a nonnative
linkage also enabled structural investigations of Ub pathway
enzymes (Ub ligases and DUBs) in complex with Ub chains and
ubiquitinated proteins. Related chemical approaches were also
successfully applied to generate ubiquitin-based probes.'**™”
These efforts have facilitated the discovery of inhibitors that can
modulate the enzymatic ubiquitination and deubiquitination
processes.

Since the introduction of chemical ubiquitination methods
to the ubiquitin field, great achievement has been made towards
the structural and functional understanding of Ub signaling at a
molecular level. However, the development of more efficient
methods for generating well-defined polyubiquitinated proteins
remains central to our understanding of the complex mechanisms
of Ub signaling mediated by different types of polyUb chains,
particularly the noncanonical and branched Ub chains.
The generation of proteins site-specifically modified by polyUb
chain with defined linkage and length in sufficient quantity
still represents a challenge especially when the target proteins
are of larger size and prone to denaturation. Efficient chemoen-
zymatic methods that are generally applicable to a wide variety
of proteins for polyubiquitination still need to be developed.
In addition, introducing Ub branch and other post-translational
modifications, such as phosphorylation,"”® onto the linear
polyUb chain adds further complexity. Generating non-lysine
ubiquitinated proteins through chemical approaches will also
allow a better understanding of this non-canonical ubiquitin
modification."****® Lastly elucidation of Ub signaling in live cells
is of great importance. Recently, several cell-permeable Ub
probes have been reported allowing for intracellular profiling of
DUBs."'"1317133 Achieving controlled polyubiquitination of a
target protein in cells using bioorthogonal methods is still a
challenge. To this end, new cell-compatible chemical reactions
needs to be adopted for achieving chemical ubiquitination in
live cells. The ability of generating well-defined polyubiquitinated
proteins will help to identify reader proteins of a large number of
ubiquitinated proteins and shed light on the molecular basis of
Ub chain signaling in cells. In conjunction with activity-based Ub
probes for Ub pathway enzymes, the chemical ubiquitination
approaches will also play an indispensable role in uncovering
new targets in the Ub proteasome system for therapeutic inter-
vention of human diseases.
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